Crystalline polyethylene was investigated under pressure between 0 and 40 GPa, up to 280°C, by means of synchrotron x-ray powder diffraction and ab initio calculations. A rich polymorphism was unveiled, consisting of two new high-pressure monoclinic phases, in addition to the well-known orthorhombic one, which appear reversibly, although with strong hysteresis, upon increasing pressure above 6 GPa ͑P2 1 / m, Z chain =1͒ and 14-16 GPa ͑A2/m, Z chain =2͒, respectively. The equation of state was determined for the three solid phases. We find that polyethylene is characterized by a sharp separation between strong covalent intrachain and weaker interchain interactions up to the maximum investigated pressure, which, in turn, places the ultimate chemical stability limit of polyethylene far beyond these thermodynamic conditions.
I. INTRODUCTION
Polyethylene is the most widely used polymeric material and an important model system in fundamental polymer science, but investigations of its structural behavior under extreme pressure and temperature conditions have so far been very limited. Polyethylene is an archetypal system among one-dimensional polymers and, in the ordered crystalline state, its dynamical properties can be regarded as a textbook example of a one-dimensional harmonic chain. 1 Binding in polyethylene is controlled by a wide range of microscopic interactions, from the strong intrachain covalent C-C and C-H bonds to the weak interchain van der Waals interactions. As a consequence, polyethylene is very stiff if compressed along the chain axis and very soft if compressed along directions perpendicular to the chain axis. The balance between the different microscopic interactions can be strongly altered by the application of pressure and results in a sequence of phase transitions which may ultimately lead to chemical dissociation. Polymorphism in solid polyethylene has been extensively investigated in the past few decades, but only in the moderate pressure regime, e.g., at P Ͻ 2-3 GPa ͑phase diagram in Fig. 1͒ . 2, 3 Polyethylene is generally obtained as a mixture of crystalline and amorphous components. The crystalline material at room conditions is known to exhibit an orthorhombic structure ͑Pnam space group͒, with two polymeric chains per unit cell. In this phase, the two planes containing the skeletal C chains are almost orthogonal to each other 4 ͑simulated structure in Fig. 2͒ . In a high-pressure x-ray-diffraction study extended up to 0.3 GPa, the linear compressibility along the chain axis direction was found to be 1 order of magnitude lower than along the orthogonal directions. 5 The equation of state ͑EOS͒ of solid polyethylene was also investigated in the P-T range of 0 -2.5 GPa and 295-373 K by means of isothermal compressibility measurements. 6, 7 A second high-pressure-high-temperature crystalline phase, with a stability field located above 200°C and 0.3 GPa, intermediate between the orthorhombic phase and the liquid state, has been characterized by differential thermal analysis, x-ray-diffraction, and optical microscopy methods. 2, [8] [9] [10] [11] [12] This phase is hexagonal and partially disordered, as polymeric chains lose the ordered, all-trans conformation of the orthorhombic phase. The presence of the hexagonal phase in the phase diagram of polyethylene is crucial for the growth of high-quality crystals of the orthorhombic FIG. 1. Phase diagram of liquid and crystalline polyethylene. The present knowledge was limited at P Ͻ 2 -3 GPa and T Ͻ 500°C ͑see text for extensive references͒. Specifically, two solid phases were identified within that pressure range: orthorhombic ͑Pnam͒ and hexagonal polyethylene. Arrows schematically track typical P-T paths followed in our study. Dotted line arrows: without pressure medium; full line arrows: argon as a pressure medium. Full and open dots indicate the pressure points where the new P2 1 / m and A2/m monoclinic phases started to be observed, respectively, upon increasing pressure.
phase. In fact, it was shown that chain extended growth always arises when polyethylene is crystallized from the melt through the hexagonal phase, whereas chain-folded growth occurs when the melt is crystallized directly into the orthorhombic phase. 8, 12 A third crystal modification of polyethylene is known to occur when the polymer is subjected to stress, e.g., to uniaxial compression. 13 This form has been identified as a monoclinic phase with space group C2/m, 13 or equivalently A2/m. It has been recognized to be metastable under ambient conditions, as it tends to back transform to the orthorhombic phase upon temperature annealing at ambient pressure. 14 The unit cell of the monoclinic phase contains two chains, with skeletal planes parallel to each other ͑simulated structure in Fig. 2͒ , but with chains shifted with respect to one another by half of the chain periodicity, along the monoclinic axis. Equivalently, the two chains can be seen as mutually rotated by 180°along the same axis. Pressure evolution of the lattice parameters of monoclinic polyethylene was investigated by x-ray diffraction up to 1.8 GPa, 15 and the compression resulted to be highly anisotropic, similar to the orthorhombic phase.
Only a few theoretical studies have focused on the EOS of crystalline polyethylenes. A model for arbitrary mixtures of amorphous and orthorhombic polyethylenes was developed by Pastine 16 based on the calculation of the lattice potential energy and of the vibrational free energy with empirical interatomic potentials. The model compared favorably with experimental data up to about 1.5 GPa. A similar model was developed by Kobayashi, who also included the contribution of the zero point energy. 17 In this study, the EOSs of orthorhombic and A2/m polyethylene were calculated up to about 1 GPa and it was shown that the orthorhombic structure is always more stable than the A2/m, at least at temperatures higher than 130 K. More recently, density-functional calculations were performed on orthorhombic polyethylene up to 10 GPa. 18 The calculations gave structural parameters in fair agreement with diffraction data and confirmed the high anisotropy of this material.
In this paper, we present the results of a combined experimental and theoretical work which extends the investigated pressure range of crystalline polyethylene up to 40 GPa, more than 1 order of magnitude larger than previous experimental investigations. A combination of x-ray-diffraction analysis and ab initio calculations is used to show that orthorhombic polyethylene transforms reversibly to a new monoclinic phase above 6 GPa. A further phase transition occurs above 14-16 GPa to another monoclinic phase which was identified as isostructural to the metastable form reported in stressed polymers at ambient conditions. 20 A chip of this optical sensor ͑size of the grain ϳ1 m͒ was inserted in the sample chamber. Temperatures up to 300°C were obtained by resistive heating of the cell. The temperature was measured by a J-type thermocouple, which was placed close to the copper ring clamping the diamond anvil. The uncertainty of the temperature measurements was estimated to be 3°C.
II. EXPERIMENTAL PROCEDURES
Different samples were loaded in the MDAC with argon as a pressure medium ͑high-pressure loading͒ and without pressure medium. The as-loaded samples always exhibited, at pressures of 0.1-3 GPa, a finite amount of metastable monoclinic phase and of amorphous material, together with the dominant orthorhombic component. Specifically, the presence of the monoclinic phase is mostly a consequence of the amount of stress that was produced in the samples by the loading procedures. Thermal annealing of samples was then mandatory for removing the monoclinic and the amorphous spurious phases before facing the structural investigation of crystalline polyethylene in the most ideal conditions. In the case of samples loaded without pressure medium, a proper thermal annealing procedure turned out to consist in recrystallizing polyethylene from the melt, through the hexagonal phase, upon pressure increase from 0.2 GPa at 280°C ͑chain extended growth͒, as schematically indicated in Fig. 1 . Indeed, in this way, we obtained a high-quality orthorhombic phase, showing quite narrow ͓full width at half maximum ͑FWHM͒ of ͑110͒ and ͑200͒ lines= 0.07°and 0.09°at 2.5 GPa, respectively͔ and homogeneous Debye-Sherrer rings ͓see Fig. 3͑a͒ and, in the following, Fig. 5͑a͔͒ , apart from a slight amount of amorphous component. In Fig. 4͑a͒ , a low angle section of the diffraction pattern measured in this kind of samples at 7.6 GPa and 280°C is reported. Here, we observe the two strongest ͑110͒ and ͑200͒ peaks of the Pnam phase, still reasonably sharp ͑FWHM= 0.09°and 0.12°, respectively͒, along with a weak peak positioned at about 6.98°, in between the two orthorhombic lines, which indicates that a phase transition is occurring to a new phase, as extensively discussed in the following. In addition, a very weak and broad band is evident at the low angle side of the ͑110͒ Pnam peak, marking the presence of remnants of the amorphous material. When argon was employed as a pressure medium, the possibility to recrystallize polyethylene from the melt at high temperatures, at a few tenths of gigapascals, was prevented because of the difficulty in controlling the sealing of argon at those P-T conditions. In this case, the thermal annealing procedure was limited to heat the solid polymer in the range of a few gigapascals up to 200-300°C, as schematically reported in Fig. 1 . In Fig. 4͑b͒ , we report a limited section of a diffraction pattern of this kind of samples, measured at 8.0 GPa and 280°C. The ͑110͒ and ͑200͒ peaks of the orthorhombic phase are much broader ͑FWHM= 0.24°and 0.21°, respectively͒ than in the sample loaded without pressure medium. Also, the weak peak assigned to the new crystalline phase is hardly detectable as a high angle shoulder of the ͑110͒ Pnam line, at about 7.0°, while the remarkable intensity at the low angle side of the ͑110͒ peak points to a more relevant amount of residual monoclinic and, eventually, amorphous phases. Pressure behavior of this kind of samples was qualitatively similar to the one exhibited by samples loaded without pressure medium. On the other hand, since pure polyethylene samples exhibited a much higher crystalline quality and initial phase purity, the determination of structure and phase transformations turned out to be much more precise dealing with these samples. Therefore, we always refer in the following to samples loaded without pressure medium and annealed as described above, unless differently specified. Particularly, we will focus our attention of an isothermal pressure scan performed at 280°C from 2.5 to 40 GPa. We are aware that the absence of a proper pressure medium limits the precision of our investigation due to nonhydrostatic effects, which are evident in Fig. 6 where we observe pressure induced broadening of the diffraction peaks; nevertheless, our experimental study turned out to be accurate enough for supporting all the main predictions of theoretical simulations.
Angle dispersive x-ray powder diffraction has been measured at the ID09A beamline of the European Synchrotron Radiation Facility ͑ESRF, Grenoble͒. Here, the white beam is vertically focused by a spherical mirror and, horizontally, by a bent silicon ͑111͒ monochromator. Finally, we used a monochromatic beam ͑ = 0.4108 Å͒ that goes through a cleaning pinhole and forms a circular spot on the sample, whose diameter is equal to 30 m. The scattered radiation is detected by an image-plate detector ͑Mar345͒. The diamond seats, made of tungsten carbide, allowed us to achieve a maximum diffraction angle 2 of about 24°. The diffraction patterns were analyzed and integrated by means of the FIT2D computer code 21 to obtain the one-dimensional intensity distribution as a function of the 2 scattering angle.
III. THEORETICAL PROCEDURES
First-principles calculations were carried out within density-functional theory, as implemented in the Quantum ESPRESSO code. 22 The total energy of a given atomic configuration was obtained using the Perdew-Burke-Ernzerhof ͑PBE͒ 23 parametrization of the exchange correlation potential. The ion-electron-interaction was described by ultrasoft pseudopotentials, 24 and electronic wave functions were expanded in a plane-wave basis set with kinetic-energy cutoff of up to 110 Ry. Brillouin zones were sampled with up to 52 special points. We built a number of structural guesses by considering different orientations and alignments of the polyethylene chains, in unit cells containing up to four chains ͑eight CH 2 units͒. Atomic positions were then relaxed to the closest local minimum with a conjugate-gradient method at T = 0 K. By selecting among the resulting structures those with the lowest energy allowed us to identify three likely candidates for the crystal structure of polyethylene. Two of them coincide with the known forms of polyethylene, Pnam and A2/m. The third one was found to have space group P2 1 / m and is shown in Fig. 2 . Theoretical x-ray-diffraction patterns were constructed using the relaxed atomic positions and atomic structure factors for carbon and hydrogen taken from the literature. 25, 26 Uncertainties in the determination of lattice parameters with first-principles methods are generally believed to be of the order of a few percent, but the weak, van der Waals nature of interchain binding in polyethylene requires us to be more cautious, as the asymptotic 1 / r 6 tail of the van der Waals potential is not accounted for by local approximations to density-functional theory such as the ones used in this work. Nonetheless, the study of Miao et al., 18 which was based on approximations very similar to the ones employed here, shows that the lattice parameters of the orthorhombic phase agree with experimental data within 1%-3%. Moreover, the reduction of the interchain distance induced by the application of pressure reduces the van der Waals problem considerably at high pressures. Our theoretical values for the lattice parameters of crystalline polyethylene are listed in Table I and show an excellent agreement with experimental data, as shown in the following section.
The interpretation of the experimental patterns at high pressure was based on the assumption that the complexity of the patterns is a consequence of the coexistence of more than one phase, among the three phases shown in Fig. 2 . The theoretical lattice parameters calculated for each phase were employed as a starting guess to fit the experimental patterns. The success of this procedure in reproducing the observed patterns, which we discuss in detail in the next section, leads us to the conclusion that the three phases shown in Fig. 2 provide a complete description of the behavior of polyethylene under compression and that no additional phases are required to describe its phase diagram in the pressure range studied. Measured intensities and measured and/or fitted peak positions differ with respect to theoretical ones, always within the range of accuracy expected for our ab initio approach.
IV. RESULTS AND DISCUSSION
Experimental and theoretical diffraction patterns of crystalline polyethylene are reported in Fig. 5 ͑intensities and peak positions in Table I͒ at three selected pressures. Although we achieved a maximum diffraction angle 2 of about 24°, in Fig. 5 , we limited the range to 14°for not compressing the most relevant features ͓see a typical pattern up to 24°in the inset of Fig. 5͑a͔͒ . On the other hand, above 14°, we only observed weak peaks of the orthorhombic phase, whose structure is very well assessed. A complete information on peaks observed above 14°is provided in Table I . At 2.6 GPa, the crystalline sample is in a pure orthorhombic Pnam phase, exhibiting up to 25 diffraction peaks ͓Fig. 5͑a͒ and Table I͔ . A shallow remnant of amorphous component is inferred from the presence of a broad band centered at about 2 = 5.8°. Above 6 GPa, a new phase appears, as indicated by the appearance of a new peak between the strong 110 and 200 lines of the orthorhombic phase ͑see Figs. 4 and 6 at 7.6 GPa͒. The peak intensities of the new phase increase slowly with pressure, while peaks of the orthorhombic phase weaken. This is in agreement with our theoretical results, shown in Fig. 7 , which indicate that a new monoclinic phase ͑P2 1 / m, see Fig. 2͒ becomes more stable than the Pnam structure above 4 ± 1 GPa. The error on the transition pressure reflects the error of the calculated energies ͑±5 meV͒. The monoclinic phase contains one chain only per unit cell, and its structure can be related to that of the orthorhombic phase by considering an orthorhombiclike cell obtained by doubling the P2 1 / m unit cell as shown by the dashed lines in Fig. 2 . The dashed orthorhombiclike cell of the P2 1 / m phase differs from that of the Pnam phase by a small departure from 90°͑the value in the orthorhombic phase͒ of the angle ␤Ј between the two axes perpendicular to the chain direction ͑aЈ and bЈ in Fig. 2͒ and by the setting angle ͑i.e., the angle between the polymeric planes and the a axis of the orthorhombic phase͒, which is almost 90°for the monoclinic phase and has a value ranging from 45°to 90°f or the orthorhombic phase. 18 The experimental pattern at 15.5 GPa in Fig. 5͑b͒ can be essentially indexed as a mixture of the Pnam ͑six peaks͒ and the P2 1 / m ͑five peaks͒ phases. This is consistent with the theoretical results, which indicate that the two phases are nearly degenerate in energy. In fact, the calculated energy differences between Pnam and P2 1 / m are, in this pressure range, close to the expected accuracy of our theoretical approach ͑Fig. 7͒. At least two strong arguments indicate the Pnam-P2 1 / m thermodynamic phase transition, observed at 4 -6 GPa, to be first order: ͑i͒ discontinuity of lattice parameters ͑see the following͒ and ͑ii͒ extended coexistence of the two structures beyond the transition pressure, which, in turn, points to a strong kinetic barrier between these phases. It is interesting to remark that the pressure evolution of the calculated and experimental lattice parameters and of the calculated internal parameters of the Pnam and P2 1 / m phases, in the coexistence region above the transition pressure, e.g., in the region where the Pnam is metastable with respect to P2 1 / m, is reminiscent of a quasi-second-order transition between the two phases. Despite the absence of a group-subgroup relationship between the two structures, which would be the required condition in the case of a genuine Landau-type second-order transition, the pressure evolution of the angle ␤Ј in the P2 1 / m phase is such that it approaches asymptotically the value of 90°, which characterizes the Pnam phase. At the same time, the setting angle within the Pnam phase tends asymptotically to a value close to 90°, which characterizes instead the P2 1 / m phase. The disappearance of the Pnam phase with pressure can therefore be seen as a quasicontinuous transformation of the Pnam phase into the P2 1 / m phase, the latter being the phase that survives at higher pressures.
The weak signature of a third crystalline phase appears in the diffraction patterns starting from 15.5 GPa and consists of an extra peak at about 6.2°͑at 15.5 GPa, see Fig. 5͑b͒͒ . This peak slowly intensifies with pressure. In concomitance with the appearance of this phase, the orthorhombic peaks weaken and vanish at about 30 GPa ͑Figs. 5 and 6͒. The theoretical simulations indicate that the monoclinic A2/m phase, which was observed as a metastable phase at ambient conditions, 13 is energetically very close to the P2 1 / m phase and also becomes more stable than the Pnam structure above 4 ± 1 GPa. Indeed, the enthalpy difference between the P2 1 / m and A2/m phases is always less than 5 meV above 4 GPa. Such an energy difference is of the order of the accuracy of our calculations, so we are not in a position to distinguish theoretically the thermodynamically stable phase at high pressure. From the structural point of view, the two phases differ by a relative translation of the chains, as discussed in Sec. I. The new diffraction peak at low angle, seen above 14 GPa, corresponds to the ͑010͒ reflection of the A2/m phase. At 40.4 GPa ͓Fig. 5͑c͔͒, the experimental pattern no longer shows remnants of the orthorhombic phase and can be indexed as a mixture of the P2 1 / m ͑four peaks͒ and the A2/m ͑four peaks͒ monoclinic structures. Remarkably, only the ͑010͒ peaks are well separated at a given pressure in the two phases, while the other peaks are basically superimposed. This is the consequence of an accidental similarity between the lattice parameters for the two phases. In particular, the lattice parameters of the P2 1 / m orthorhombiclike cell indicated by the dashed line in Fig. 2 are basically identical to those of the A2/m cell at all pressures. Therefore, the two structures appear to be very similar in terms of cell shape, in spite of their differences in the internal positions of the chains. On the other hand, the lattice parameters of the orthorhombic Pnam phase differ by 5%-7% with respect to those of the P2 1 / m and A2/m phases at those pressures where the P2 1 / m and A2/m phases start to be experimentally observed, i.e., at about 6 and 14 GPa, respectively. As a consequence of the accidental similarity between the lattice parameters of the P2 1 / m and A2/m phases and of the limited number of observed peaks, the structures of these phases were fitted not only to the observed peaks but also to the monoclinic angles as determined by the simulations. After having assigned the peaks of the new monoclinic phase A2/m at 40.4 GPa, we were able to index the patterns in the whole pressure region between 15 and 40 GPa, where we dealt with more complicated situations that involve the coexistence of all the three phases: Pnam, P2 1 / m, and A2/m ͑Fig. 6͒. In Fig. 6 , selected patterns measured upon pressure release are also reported. The intensity of the A2/m phase component increases upon pressure decrease, with respect to that of the P2 1 / m phase component, down to 3.8 GPa, the minimum pressure achieved ͑see inset of Fig. 6͒ . In another set of experiments, where orthorhombic polyethylene was similarly transformed into the P2 1 / m and A2/m phases, the almost pure Pnam phase was reversibly recovered at ambient conditions ͑Fig. 6͒. We interpret the stronger stability of the A2/m phase upon pressure release as an indication that the P2 1 / m phase is metastable in the P-T range where it was observed. Therefore, the phase diagram of polyethylene can be likely described, up to 40 GPa, by two phases only, the Pnam ortho- In Figs. 8 and 9 , we report the behavior of the structural parameters of all the three phases, Pnam, P2 1 / m, and A2/m, over the full investigated pressure range. The comparison between experimental and theoretical results for the lattice parameters and the monoclinic angle ␤ is fairly good. Empirical curves fitted to the experimental data extrapolate reasonably well, for the Pnam and A2/m phases, to the experimentally reported ambient pressure values. 27 This confirms that the high-pressure A2/m phase found in this study coincides with the metastable phase observed in stressed samples at ambient conditions. 13 At the maximum pressure of 40.4 GPa, the isothermal linear bulk modulus along the chain direction is still an order of magnitude larger than in orthogonal directions. Such a strong anisotropy indicates that the separation between intrachain covalent and interchain van der Waals interactions persists at high pressures, which is suggestive of a strong chemical stability of polyethylene up to at least 40 GPa, and even above this pressure.
Pressure-volume relations for the three investigated phases have been fitted with a Vinet EOS ͑Ref. 28͒ ͑Fig. 9͒:
0 is the cell volume at ambient pressure, and B 0 and C 0 are the isothermal bulk modulus and its first pressure derivative at P = 0, respectively. The present curves are consistent with earlier EOSs determined at lower pressures. We note that data sets corresponding to different phases are very close to each other, so that they can also be reasonably fitted by a single EOS.
V. CONCLUSIONS
The pressure behavior of crystalline polyethylene has been investigated up to 40 GPa on the basis of experimental and theoretical analyses. The compression is characterized by large hysteresis and phase coexistence between the ambient pressure orthorhombic phase and two monoclinic phases. Our analysis suggests that the orthorhombic Pnam phase is thermodynamically stable up to about 6 GPa. The Pnam phase then transforms into a monoclinic, possibly metastable phase with P2 1 / m space group. The high-pressure stable phase belongs to space group A2/m and appears above 14 GPa.
Polyethylene is found to be chemically stable up to the maximum pressure of this study, equal to 40 GPa. We hope this work will stimulate studies on the physical and chemical properties of other model polymeric materials in a similarly extended range of thermodynamic conditions.
